A PCR assay which allows detection and quantification of Epichloë endophytes in tissues of the grass Bromus erectus is described. PCR with specific primers flanking a microsatellite-containing locus (MS primers) amplified fragments 300 to 400 bp in length from as little as 1.0 pg of fungal genomic DNA in 100 ng of DNA from infected plant material. When annealing temperatures were optimized, all Epichloë and Acremonium strains tested, representing many of the known taxonomic groups, yielded an amplification product, indicating that the MS primers may be useful for in planta detection of a variety of related species, including agronomically important Acremonium coenophialum and Acremonium lolii. No fragments were generated from DNA isolates from uninfected plant material or from unrelated fungi isolated from B. erectus. For diagnostic applications, a B. erectus-specific primer pair was designed for use in multiplex PCR to allow simultaneous amplification of plant and fungal DNA sequences, providing an internal control for PCR failure caused by inhibitory plant compounds present in DNA extracts. For quantitative applications, a heterologous control template with primer binding sites complementary to the MS primers was constructed for use in competitive PCR, allowing direct quantification of Epichloë endophytes in plant DNA extracts. The fungal DNA present in infected leaves of B. erectus varied between 1 and 20 pg per 100 ng of leaf DNA, but the amounts of fungal DNA present in the sheath and blade of a given leaf were correlated, indicating that the degree of infection varied between plant individuals but that individual leaves were colonized in a uniform way.
Many Epichloë and closely related Acremonium spp. (Clavicipitaceae, Ascomycotina) are systemic, perennial endophytic fungi of grasses. Both colonize intercellular spaces of leaves, leaf sheaths, culms, and in some cases seeds. Epichloë sp., the causative agent of choke disease, emerges from the plant at the time of flower development. A dense mycelium (stroma) surrounds the inflorescence primordia, partially or totally sterilizing the host (34) . Acremonium sp. grows asymptomatically throughout the life of the plant (5) . Acremonium endophytes are associated with increased drought tolerance, growth and photosynthetic rates and resistance to grazing insects, nematodes, and mammals in their hosts (5, 16, 29) .
Acremonium coenophialum and Acremonium lolii are associated with fescue toxicosis and ryegrass staggers, respectively, in livestock grazing on endophyte-infested pastures (2, 16, 18, 29, 30) . These syndromes, caused by ergopeptine and lolitrem alkaloids produced by the fungus (25) , are responsible for large economic losses to the beef and dairy cattle industry in the United States and to the sheep industry in New Zealand. The severity of disease is influenced by the percentage of endophyte-infected plants in forage pastures (10, 26) . Since there is no known chemical method to cure endophyte-infested adult plants in the field, control of endophyte levels depends upon growing endophyte-free grass or other plants in sufficient proportions.
Several methods for detection of asymptomatic Epichloë and Acremonium endophytes are currently available. Epidermal peels of leaf sheaths may be stained, and characteristic serpentine or convoluted hyphae may be visualized in a light microscope (17, 29) . This method is reliable and inexpensive but limited in the number of samples that can be prepared simultaneously due to the considerable labor and time required for their preparation and examination. Skill and experience are required to distinguish between Epichloë and Acremonium endophytes and unrelated fungal species (31) , and Epichloë and Acremonium endophytic mycelia are often so sparse that infections may be missed. Fungal antigens may be detected by a variety of serological methods (10, 26, 30) . These tests are comparable to the microscopic method in sensitivity but allow processing of greater numbers of samples. Disadvantages of antiserum-based methods include the requirement for animal facilities for antibody production and false-positive results caused by cross-reactivity between antibodies and plant proteins.
The PCR is a rapid method for sensitive and specific detection of nucleic acids in complex biological samples and is becoming an important tool for detection (3, 7, 11, 12, 15, 24, 28) and quantification (13, 22, 23) of phytopathogenic fungi. PCR methods can be designed to distinguish between closely related fungal species and are generally more specific than staining or antibody methods. Recently, PCR methods were used for detection of Acremonium coenophialum in leaf sheaths and seeds of tall fescue (7) . In this study, we used PCR to detect and quantify Epichloë endophytes in Bromus erectus grass tissue. The PCR primers chosen for this study amplify a region of the endophyte genome containing a variable microsatellite region (9) . Microsatellite regions are stretches of tandem mono-, di-, tri-, and tetranucleotide repeats of various lengths. Loci containing microsatellites are often highly polymorphic, and a wide range of repeat lengths can be present in a single population. Different alleles can be easily detected by fractionation of PCR products on agarose gels following PCR amplification with specific flanking primers. These loci provide information on the genetic diversity of the fungal strains detected (9) as well as a safeguard against false-positive results stemming from PCR product contamination. This PCR test may be useful for in planta detection and quantification of a variety of specialized Epichloë and Acremonium species in tissues of their hosts.
MATERIALS AND METHODS
Epichloë spp., B. erectus, and ITS primers. The primer pair for Epichloë spp. was designed from a single-copy, microsatellite-containing locus from Epichloë spp. (MS primers) and was described previously (9) . The forward and reverse primers were 5Ј CGC ACA ATA CGT CAG CTA GGA ATG 3Ј and 5Ј CCT GAA TCA ACT TTG CTA TCA GGC 3Ј, respectively. The control primer pair (ITS1 and ITS4), complementary to portions of the fungal genes encoding rRNA, was also described previously (36) . The ITS1 and ITS4 primers were 5Ј TCC GTA GGT GAA CCT GCG G 3Ј and 5Ј TCC TCC GCT TAT TGA TAT GC 3Ј, respectively. The B. erectus control primer pair was designed, by following the criteria of Innis and Gelfand (14) , from unpublished sequence data from an anonymous, single-copy gene from B. erectus. The sequences of the forward and reverse primers are 5Ј ACA GCG ATG CAC TGG ACC TCG ACG 3Ј and 5Ј GTG GGA ACG GAC TGG GAT AAC TAC 3Ј, respectively.
Growth of fungal isolates and DNA extraction. The fungal isolates donated for this study are listed in Tables 1 and 2 . All isolates were maintained on potato dextrose agar (Oxoid, Unipath Ltd., Hampshire, England). Epichloë and unrelated endophyte strains from B. erectus were isolated by a published protocol (35) with minor modifications, as follows. Culm or leaf sheaths were surface sterilized by dipping in 70% ethanol, incubating in 5% chlorine bleach for 5 to 15 min, and washing twice with sterile water. Surface-sterilized plant sections were cut and plated on potato dextrose agar. The plates were incubated in the dark for 7 to 30 days at 27ЊC. Plugs from all cultures were used to inoculate 40 ml of V-8 medium (20) in 100-ml flasks. Cultures were incubated on a shaking platform (130 rpm) at 27ЊC for 7 to 14 days. Fungal mycelium was filtered, freeze-dried, and powdered with a Retsch mill (MM2224). Fungal DNA was extracted by the CTAB-SEVAG method of Zolan and Pukkila (37) with modifications. Powdered my- (36) were used to amplify sequences from DNA extracted from each fungal isolate. Amplification reactions were performed with volumes of 25 l containing 10 mM Tris-Cl (pH 9.0), 50 mM KCl, 3.0 mM MgCl 2 , 0.01% (wt/vol) gelatin, 0.1% (wt/vol) Triton X-100, 100 M (each) dATP, dCTP, dGTP, and dTTP (Pharmacia), 0.2 M (each) primer, 50 ng of DNA, and 0.2 U of Appligene Oncor (Illkirch, France) Taq DNA polymerase. Amplification was performed with a DNA thermal cycler (MJ Research, Inc., microtiter plate format) programmed for 30 cycles of 1 min at 94ЊC, 2 min at 50 to 68ЊC (Table 1) , and 3 min at 72ЊC followed by a final extension for 10 min at 72ЊC. PCR products were fractionated in 1.5% (wt/vol) agarose-1.0ϫ TAE (0.04 M Tris acetate, 1 mM EDTA) and detected with UV light after staining with ethidium bromide. Pictures were digitally recorded with a Bioprint camera (Vilber Loumat, Marnela-Vallée, France) and rendered as negative images by use of the program GifConverter 2.3.2. for MacIntosh.
Harvest and growth of plant material, determination of infection status, and DNA extraction. Infected and uninfected B. erectus plants were collected from Nenzlinger Weide, a species-rich limestone grassland in the Swiss Jura mountains. Epichloë-infected B. erectus plants had previously been shown to produce stromata at the time of flowering (unpublished data) and could therefore be harvested from the field at the time of flowering with reasonable certainty of infection status. Forty-four individual plants, 18 with stromata and 26 without stromata, were collected from the field, split into individual tillers, and propagated in the greenhouse. The infection status of these plants was confirmed by microscopy with the culm examination technique (17) . Epidermal peels were prepared from two leaf sheaths from each plant. Strips were mounted on slides, stained with aqueous aniline blue, and examined in a light microscope for characteristic blue-staining convoluted or serpentine endophyte mycelium running longitudinally between plant cells. Leaf samples from each plant were harvested for PCR analysis from two tillers, freeze-dried, and powdered with a Retsch mill (MM2224). Nine separate tillers from one infected B. erectus plant were planted in experimental plots in the field and allowed to grow for 1 year. The plants were harvested in the fall, frozen on liquid nitrogen, freeze-dried, split into leaves and leaf sheaths, and powdered. All leaf material longer than 5 cm was harvested from an additional 200 stromata-bearing Epichloë-infected B. erectus plants, frozen in liquid nitrogen, freeze-dried, and powdered. DNA was extracted from 50 mg of each plant powder by the CTAB-SEVAG extraction method and quantified by fluorometry.
Rapid plant DNA extraction for diagnostic PCR. A modified version of the NaOH extraction method of Wang et al. (33) was used to prepare DNA for routine diagnosis. Powdered plant material (10 mg) was suspended in 50 l of 0.5 N NaOH in an Eppendorf tube. The suspension was kept at room temperature for 30 min; a 1-min microcentrifuge spin followed. An aliquot of each supernatant was transferred to a fresh tube containing 500 l of 100 mM Tris (pH 8.0) and mixed well. Amplification reactions with 5 l of diluted DNA and 65ЊC annealing temperatures were performed. PCR products were fractionated and detected with UV light after staining with ethidium bromide. During optimization, the method was tested for reproducibility with triplicate extractions from 15 endophyte-infected plants.
PCR amplification of plant DNA and intercellular endophyte DNA. B. erectusspecific control primers were used together with MS primers to simultaneously amplify fungal and plant sequences from DNA isolates from infected plants (multiplex PCR). Each primer was also used individually. Amplification reactions were performed with 100 ng of DNA and an annealing temperature of 65ЊC. PCR products were fractionated and detected with UV light after staining with ethidium bromide.
Construction of competitor DNA. A 554-bp control DNA template (PCR MIMIC), ca. 150 to 250 bp larger than the MS allele (300 to 400 bp), was prepared with the PCR MIMIC construction kit (Invitrogen, San Diego, Calif.). A heterologous rather than a homologous internal sequence was used to minimize the possibility of in vitro recombination between control and target sequences during PCR (13) . The MS primer sequences were attached to a portion of the v-erb B oncogene during an initial round of PCR at nonspecific annealing temperatures by using composite primers containing Epichloë and v-erb B sequences. Subsequent rounds of PCR were carried out with the standard MS primers and PCR conditions.
Competitive PCR. The amount of Epichloë DNA present in planta was determined by competitive PCR. PCR MIMIC DNA was quantified, and a twofold dilution series was prepared; this series consisted of six dilutions (9, 18, 36, 72, 144 , and 288 ag/l) spanning the biologically relevant DNA concentration range, as determined in preliminary experiments. DNA samples from plants (100 ng) were then mixed with 1 l of each of these dilutions (six reactions per sample) and subjected to PCR. The genome size for four strains of Epichloë sp. from B. erectus was estimated from the results of PCRs with a dilution series of PCR MIMIC and 10 pg of DNA purified from the fungi grown in liquid culture. To determine the precision of the competitive PCR assay, reactions were also done with PCR MIMIC and a twofold dilution series (4, 8, 16 , and 32 pg) of purified DNA isolated from one of the cultured Epichloë strains, in the presence or absence of 100 ng of DNA isolated from leaf blades or sheaths from uninfected B. erectus plants. To determine the reproducibility of the competitive PCR assay, four DNA extractions were prepared in parallel from leaf blades and sheaths of a single infected B. erectus plant.
RESULTS

Specificity of primers.
The specificity of the PCR with MS primers was tested by screening for amplification products in the predicted size range (between 300 and 400 bp) following PCR amplification of genomic DNA from 100 Epichloë and Acremonium strains isolated from a variety of grass host species, from two related genera of the family Clavicipitaceae, and from seven unrelated fungal species isolated from B. erectus leaves (kindly classified by Orlando Petrini). All isolates were first tested for amplification products in the expected size range (500 to 800 bp) following PCR with ITS1 and ITS4 primers which amplify the ubiquitous ribosomal DNA genes (Fig. 1A) . A subset of the isolates, representing many of the known taxa of Epichloë or Acremonium spp. (4, 21), were then tested for amplification products following PCR amplification with MS primers by use of a range of annealing temperatures (50 to 68ЊC). MS primers were sufficiently specific to discriminate between Epichloë or Acremonium endophytes and distantly related or unrelated fungi. All Epichloë or Acremonium strains tested were positive by PCR when optimized PCR annealing conditions were used ( Fig. 1B to F ; Table 1 ). Optimal temperatures were consistent within, but distinct between, taxonomic groupings of isolates. Allele sizes were comparable to those observed upon PCR amplification of genomic DNA extracted from a collection of B. erectus isolates (9). All Acremonium coenophialum isolates tested contained two alleles, one that did not vary in size and a second, larger, highly polymorphic one ( Fig. 1G; Table 2 ). No reaction products were detectable following PCR amplification of DNA from more distantly related Atkinsonella and Balansia strains or from unrelated fungal isolates with any of the annealing temperatures tested ( Fig. 1F; Table 1 ). All tests were run in duplicate, and all strains were tested on multiple occasions. Results were consistent within and between tests.
Detection of fungal endophyte in planta by diagnostic PCR. B. erectus plants were collected from the field at flowering time, grouped into stromata-bearing and stromata-free individuals, and propagated clonally in the greenhouse. The infection status of each clone was subsequently verified by the culm examination technique. DNA extracts were prepared from two randomly selected leaves from each of these plants and subjected to PCR with MS primers. None of the uninfected plants yielded an amplification product, while at least one sample of each infected plant yielded an amplification product of the expected length (300 to 400 bp). In two clones, positive results were found upon amplification of only one of two independent DNA extracts from the same infected B. erectus plant, suggesting that fungal hyphae were not present in one of two leaves from which DNA was extracted or that fungal hyphae were present in quantities too low, or of insufficient quality, to be detected by PCR. When examined microscopically, one of the two aberrant clones was found to contain profuse hyphae characteristic of a Phialophora-like endophyte that has been shown to coexist with Acremonium endophytes in Lolium and Festuca spp. (1, 19) . This is the first indication of a Phialophora-like endophyte in B. erectus. It is important to note that the MS primers did not recognize the Phialophora-like endophyte despite the fact that copious quantities of fungal mycelium were present in the sample tested. The other PCR-negative sample was found to contain a small region of highly degraded fungal hyphae. It is possible that the Epichloë mycelium in this sample had undergone hyphal lysis and disintegration prior to harvest. The size of the microsatellite allele was consistent in extracts from different leaves from the same plant. Three of the 18 infected plants contained fungus with the largest allele. One contained fungus with a medium-sized allele. Twelve contained fungus with the smallest allele. An example of these results is shown in Fig. 2 .
Multiplex PCR. Multiplex PCR was used to verify the DNA quality and infection status of DNA isolates from each Epichloë-infected plant. The use of multiplex PCR to coamplify fungal and plant sequences in the same PCR provided an important safeguard against false-negative PCR results. Failure of host-specific control primers to give PCR products could result from reaction failure caused by the presence of inhibiting substances such as phenolic compounds or carbohydrates in the plant DNA extract or DNA degradation during or after extraction. Such failures are not uncommon when performing PCR on plant material (13, 23, 31) . The expected amplification products were observed for the plant sequence (213 bp) and the fungal sequence (300 to 400 bp) in the majority of isolates. An example of these results is shown in Fig. 3 . The band intensities resulting from multiplex PCR were in most cases equivalent to the band intensities produced by either amplification reaction carried out alone.
Quantification of endophyte DNA in planta by competitive PCR. In preliminary experiments to determine the range of fungal DNA concentrations present in infected plants, known amounts of PCR MIMIC DNA ranging from 10 Ϫ1 to 10 9 ag were used in PCRs with constant amounts (100 ng) of DNA from infected plants. There was a 150 to 250 bp size difference between the amplification products representing PCR MIMIC (554 bp) and the fungal MS (300 to 400 bp). As described by Hu et al. (13) , the relative intensity of the two bands served as an estimate of the ratio of the amount of fungal DNA to that of PCR MIMIC template added to the reaction mixture. When the amount of PCR MIMIC DNA was higher than that of fungal DNA, the intensity of the fungal product was diminished. When the amount of fungal DNA was higher than that of PCR MIMIC DNA, the intensity of the PCR MIMIC product was diminished. When the amounts of fungal and PCR MIMIC DNA were the same, the intensities of the two products were the same (equivalence point). When the proportion of either DNA was too high, the reaction was saturated and the accompanying DNA was no longer detected. On this basis, it was estimated that 30 to 120 ag of DNA corresponding to the MS sequence was present in 100 ng of DNA from infected B. erectus plants. A twofold dilution series spanning and flanking this range was prepared and used for all subsequent competitive PCR experiments. The accuracy of competitive PCR was assessed by testing a range of concentrations of DNA isolated from a cultured strain of Epichloë in competitive PCR in the absence (Fig. 4A) or presence of 100 ng of DNA from leaves (Fig. 4B) or leaf sheaths (Fig. 4C ) of uninfected plants. In all three cases, a given amount of Epichloë DNA yielded the equivalence point in the same lane independently of the additions, namely, in lanes a, b, c, and d, respectively, for 32, 16, 8, and 4 pg of Epichloë DNA (Fig. 4) . Thus, 1 pg of Epichloë DNA corresponded to about 9 ag of PCR MIMIC, indicating that the haploid genome of Epichloë sp. comprises about 30 Mbp, assuming that the microsatellite locus occurs as a single copy. This is in agreement with genome size estimates for sexual Epichloë species made previously (27a). Similar results were found for three other Epichloë strains isolated from B. erectus (data not shown).
To test reproducibility of the method when applied to infected plants, four independent leaf DNA extracts from the same infected plant were assayed. They all showed the equivalence point in the same lane (lanes a), both with freshly prepared PCR MIMIC and with PCR MIMIC subjected to long-term storage at Ϫ20ЊC (Fig. 5) , indicating that there was ca. 30 pg of fungal genomic DNA in each sample. Four samples from sheaths of the same leaves, independently extracted and analyzed, yielded the same results (data not shown).
The method was used to compare the levels of fungal DNA of leaf blades and sheaths from nine separate individuals desired from the same clone of an infected B. erectus plant. A range of DNA levels was observed in the two tissues; however, for a given leaf, the amount in the blade was always equal or slightly lower than the amount in the sheath (Fig. 6) . In a separate experiment, DNA extracts from 200 unrelated Epichloë-infected B. erectus plants were tested and found to contain between 1 and 20 pg of Epichloë DNA, with the following distribution; 25% of the plants examined had 10 to 20 pg, 63% had 3.75 to 7.5 pg, and 12% had 1 to 2 pg of Epichloë DNA.
DISCUSSION
Our studies show the usefulness of PCR for diagnostic detection and quantification of endophytes in plant tissue. The MS primers used are sufficiently specific to distinguish between Epichloë spp. and a variety of other fungi present in or on B. erectus leaves. These primers recognized neither B. erectus sequences nor sequences present in distantly related fungal species. The primers did, however, recognize all Epichloë and Acremonium isolates tested, provided that appropriate annealing temperatures were used during PCR. Optimal annealing temperatures were consistent within, but distinct between, taxonomic groupings. This result was consistent with the idea that the extent of sequence divergence in primer binding sites, the primary factor determining optimum annealing temperatures, should be similar in closely related strains. The finding that PCR amplifications of endophyte isolates from B. erectus, Bromus benekenii, Agrostis hiemalis, Festuca ovina, Festuca rubra, Festuca vallesiaca, Elymus canadensis, and Elymus virginicus (Fig. 1B) produced strong amplification products at a wide range of annealing temperatures suggested that the MS primer binding sites, and perhaps even the sequences of the alleles themselves, are identical or highly similar in this group of strains. It was surprising that PCR products were present but weak at all but one very stringent annealing temperature for the Acremonium coenophialum, Acremonium lolii, and Acremonium uncinatum isolates ( Fig. 1C ; Table 1 ). Optimal amplification at a high annealing temperature indicates that the primer binding sites in these organisms must be highly similar or identical to MS primer binding sites; the inefficient amplification at lower annealing temperatures may indicate some unique feature of the sequence of the allele itself (for example, a very high GC content) that makes it difficult for the region to remain stabilized as a single-stranded molecule during PCR at lower temperatures. In such a case, single-stranded template would no longer be available for primer binding and the efficiency of PCR would be greatly reduced. In contrast, optimal annealing temperatures for the Epichloë typhina isolates from Poa chaixii, Poa nemoralis, Brachypodium pinnatum, Dactylis glomerata, Phleum pratensis, and Poa trivialis ( Fig. 1D and E) , and for the Epichloë clarkii isolate from Holcus lanatus (Fig.  1D) , were 12 to 18ЊC lower than those for the Epichloë isolates from B. erectus, indicating that mismatches were present in one or both of the MS primer binding sites for these organisms. Such mismatches would prevent efficient priming by the MS primers to their complementary binding sites at higher annealing temperatures; at lower annealing temperatures, binding of primers and efficient amplification of target sequence are allowed despite mismatches. The MS primers were unable to amplify sequences from Atkinsonella hypoxylon or Balansia epichloë strains at any of the annealing temperatures tested (Fig.  1F) , indicating that either one or both of the primer binding sites were absent from the genomes of these distant relatives of Epichloë spp. Combined data from these studies suggested that MS primers will be useful for detection of many Epichloë and Acremonium isolates but that design of specific primers for each endophyte species, or at least for each taxonomic grouping, based on actual allele sequences would be advisable for accurate quantification of fungi in host plants.
Interestingly, two alleles were observed upon low-stringency PCR amplification of DNA from all Acremonium coenophialum isolates from Festuca arundinacea (tall fescue) tested, one of which was constant in size and one of which was highly polymorphic (Fig. 1C, lanes 2 and 3; Fig. 1G ). This finding was consistent with studies suggesting that this species has resulted from interspecific hybridization between Acremonium uncinatum and Epichloë species, an idea based principally on the phylogenetic relationships of multiple tub2 genes found in most Acremonium coenophialum endophytes tested (32) . It seems probable that the smaller, uniform MS allele originated from an Acremonium uncinatum predecessor, as suggested by the size of the alleles and their lack of diversity and by the fact that only 68ЊC annealing temperatures gave robust PCR products with DNA from both Acremonium coenophialum and Acremonium uncinatum ( Fig. 1C ; Table 1 ). The second highly polymorphic allele may have come from an Epichloë ancestor, an idea consistent with the finding that Epichloë isolates from B. erectus have highly polymorphic MS alleles due to the presence of a microsatellite locus (9) . However, the fact that the second allele was observed only upon low-stringency annealing suggested that the sequence of one or both of its primer binding sites diverged considerably from that of the MS primer binding site(s). For endophyte strains carrying the highly polymorphic microsatellite locus, the length variation incorporated into the PCR test will provide an important and useful tool for studying diversity in fungal populations.
PCR should also prove to be a useful adjunct to microscopic evaluation and antiserum-based methods for detection of fun- gal endophytes in asymptomatic plants, particularly when large numbers of samples are being handled. With the proper facilities, hundreds of fresh, frozen, or freeze-dried samples may be analyzed easily in a few hours, and samples may be tested years after collection from the field. Modification of an existing method for DNA extraction (33) led to the development of a rapid, simple, and reproducible alkaline extraction procedure that is sufficiently sensitive for routine diagnostic use. Compared to more elaborate methods of DNA extraction that require laboratory personnel skilled in molecular biology methodology, this method can be performed in a few easy steps, and its simplicity should reduce errors inherent in the longer extraction procedures.
A heterologous control DNA template (PCR MIMIC) with the same primer binding sites as those of the diagnostic endophyte allele was shown to be effective for quantification of both purified fungal template and trace amounts of fungal material in planta. Our studies identified the range of fungal concentrations present in leaves of infected plants and allowed a preliminary comparison of fungal concentrations in different plant tissues. This quantitative test should be valuable to researchers studying various aspects of the endophyte-host interaction, including more detailed studies on the partitioning of endophytic mycelium in different host tissues as well as on the dynamics of host plant colonization (31), the nature of competitive interactions between virulent and avirulent endophyte strains following cocolonization, the relationship between endophyte concentration and concentrations of secondary metabolites such as alkaloids in the host plant, and the effects of environment, fungal genotype, and host genotype on fungal load.
In conclusion, this PCR assay should be useful to turf and conservation grass breeders who want to incorporate endophytes into their grass varieties to act as biological control agents and to improve drought resistance (6, 8, 27) . This test may also be used by livestock producers who want to avoid livestock toxicity by limiting the percentage of endophyte-infested grass allowed in pastures (10, 26) . Finally, this test should contribute to fundamental research on the effects of endophyte infection, or quantity, on fungal population biology and host plant biology.
